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Abstract

The use of superconducting (SC) materials is crucial for shielding quasi-static magnetic
fields. However, the frequent requisite of space-saving solutions with high shielding
performance requires the development of a 3D modelling procedure capable of predicting the
screening properties for different orientations of the applied field. In this paper, we exploited
a 3D numerical model based on a vector potential formulation to investigate the shielding
ability of SC screens with cylindrical symmetry and a height/diameter aspect ratio close to
unity, without and with the superimposition of a ferromagnetic (FM) circular shell. The
chosen materials were MgB, and soft iron. First, the calculation outcomes were compared
with the experimental data obtained on different shielding arrangements, achieving a notable
agreement in both axial-field (AF) and transverse-field (TF) orientations. Then, we used the
thus validated modelling approach to investigate how the magnetic mitigation properties of a
cup-shaped SC bulk can be improved by the superimposition of a coaxial FM cup.
Calculations highlighted that the FM addition is very efficient in enhancing the shielding
factors (SFs) in the TF orientation. Assuming a working temperature of 30 K and using a
layout with the FM cup protruding over the SC one, shielding factors up to 8 times greater
than those of the single SC cup were attained at applied fields up to 0.15 T, reaching values
equal or higher than 107 in the inner half of the shield. In the AF orientation, the same FM
cup addition costs a modest worsening at low fields, but at the same time, it widens the
applied field range, where SF > 10* occurs near the close extremity of the shield, up over 1 T.

Keywords: magnetic shielding, superconductor modelling, MgB, bulk superconductors

as to enable the operation of devices requiring a very low
1. Introduction environmental field. Passive shielding arrangements,
exploiting the intrinsic properties of superconducting (SC)
materials, have been proved to strongly mitigate low-
frequency magnetic fields [1-9] even with a magnitude,

Magnetic mitigation is essential to solving problems of
electromagnetic compatibility between instruments, as well
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HoHappi, €Xceeding 1 Tesla [10-12].

Furthermore, improvements in superconducting shield
performance have been found by superimposing one or more
ferromagnetic (FM) layers [13-19] including the possibility
to cloak static (DC) and alternating (AC) magnetic fields in
suitably shaped SC/FM heterostructures [20-24].

Among SC materials, MgB, is a promising option [11, 12,
25] because the precursors are cheap, non-toxic and do not
contain rare earth elements or noble metals. In addition, the
low weight density of the compound makes it suited for
space applications [26, 27]. Also, its long coherence length
enables the fabrication of large untextured polycrystalline
samples in which high current densities flow across clean
grain-boundaries.

However, the fabrication of efficient magnetic shields also
requires the development of i) manufacturing techniques able
to provide suitably shaped objects with high and
homogeneous critical current density and ii) modelling
procedures able to guide the shielding devices design
depending on the required working conditions. In particular,
improving the shielding capability under realistic operating
conditions requires a 3D modelling approach, which allows
one to analyse the shielding performance for a non-uniform
magnitude and various orientations of the applied magnetic
field [28, 29].

With reference to the first point mentioned above, the
MgB, feature of carrying large current across grain
boundaries has fostered the development of manufacturing
techniques [30-32] able to produce large MgB, bulks with
shapes meeting specific application requirements. In our
previous papers [12, 33], we reported on the possibility to get
high-quality and fully machinable MgB, bulks by Spark
Plasma Sintering of MgB, powders added with hexagonal
BN powders. The as-sintered products can be processed with
cutting tools in order to satisfy specific shape constraints.
The tube- [33] and cup-shaped [12] wvessels thus
manufactured showed remarkably high shielding factors
(SFs), even for small height/diameter aspect ratios.
Therefore, they are promising prototypes to address the
practical requirement of space-saving shielding solutions.

On the other hand, in the last few years several numerical
techniques for modelling superconductors have been
proposed with the aim to optimize magnetic device layouts
[34-41]. In this context, we exploited the vector potential (A-
V) formulation developed in [42] to predict the magnetic flux
penetration in SC and SC/FM coaxial shields, when an axial
magnetic field is applied [33, 43]. Taking advantage of the
axisymmetric geometry of the problem, a 2D approach was
implemented using the commercial software COMSOL
Multiphysics® [44]. Very recently, the same method was
extended to a 3D formulation and successfully applied to
reproduce the experimental magnetization loops of a SC ring
and a SC solenoid in a transverse field orientation [45].

In this paper, we exploited this 3D computational
approach to investigate the role of a ferromagnetic shell in
improving the screening ability of MgB, tube and cup-
shaped shields. The analysis was carried out both in axial-
field (AF) and transverse-field (TF) orientations. To this aim,
we firstly checked the model feasibility of reproducing the
magnetic flux density values measured for different shielding
configurations. Next, the thus validated numerical procedure
was applied to predict the screening properties of new hybrid
SC/FM cup-shaped layouts. The computed results for the
hybrid configurations were then compared with each other
and with those with only the SC cup. With the aim to
develop shielding solutions meeting the volume constrains of
working environments, such as space, where the volume
occupied by each devices need to be kept as low as possible,
we still dealt with systems with an aspect ratio of
height/average diameter close to unity. In such systems, the
non-negligible field penetration through the open end(s) of
the shield makes the prediction of the screening capability
non-trivial [18, 43, 46].

The paper is organized as follows. Section 2 deals with the
experimental details on the samples and measurements while
the description of the finite-element method used for the
numerical calculations is reported in section 3. Experimental
and calculated magnetic flux density distributions obtained
with different shielding layouts in both axial- and transverse-
applied fields are compared in section 4. In section 5, the
effect of the superimposition of a FM cup-shaped shield on a
SC one is numerically investigated in configurations with a
different relative height of the two cups. Finally, the main
outcomes are summed up in section 6.

2. Experimental details

The efficiency of MgB, shields obtained with the
innovative manufacturing process described in Ref. 33 and
shaped as a hollow cylinder and cup was investigated by
cooling them in zero magnetic field down to the working
temperature and then by applying a slowly increasing
homogenous field either parallel or perpendicular to the
shield axis [12]. To this end, the shield was placed in tight
thermal contact with the second stage of a cryogen-free
cryocooler (see Ref. 33 for more details). The magnetic flux
density was measured by means of cryogenic Ga-As Hall
probes [47] located along the shield axis. The probes were
always oriented to measure the component of the magnetic
flux density parallel to the applied field. Likewise, the
screening ability of a hybrid shield consisting of a MgB,
hollow cylinder coaxially mounted inside a ferromagnetic
tube made out of Fe ARMCO was also evaluated. This
hybrid shield was suitably degaussed before each set of
measurements.

The three configurations experimentally investigated
(EC1, EC2 and EC3) are sketched in figure 1.
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Experimental configuration 1 (EC1)
(only superconducting tube)

SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc : 14.0 mm
SC height, hsc: 17.5 mm

SC

Experimental configuration 2 (EC2)
(SC + FM coaxially mounted tubes)

FM

mm SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc : 14.0 mm
SC height, hsc: 17.5 mm

FM outer diameter, Dorw : 28.0 mm
FM inner diameter, Diem : 23.0 mm
FM external height, hem : 10.5 mm

Experimental configuration 3 (EC3)
(only superconducting cup)

SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc: 14.0 mm
SC external height, hse: 22.5 mm

SC internal depth, dsc: 18.3 mm

Figure 1. Schematic view of the shielding layouts experimentally
tested. From top to bottom: SC hollow cylinder (EC1), SC/FM
superimposed hollow cylinders (EC2 - Ah represents the height
difference between the edges of the SC/FM hollow cylinders), SC
cup (EC3).

3. Modelling

Numerical modelling was implemented by means of the
commercial finite-element software COMSOL
Multiphysics® 5.4 [44], assuming the external magnetic field
applied either parallel or perpendicular to the shield axis.
Note that, addressing the latter configuration strictly requires
a 3D approach, which we also extended to the former
orientation for consistency.

We used the Magnetic Fields interface (mf), suitable for
computing magnetic fields and induced currents. It solves
Maxwell’s equations formulated using the magnetic vector
potential A for all the domains. The magnetic field of the
desired orientation is applied as the boundary condition on a
spherical computation box with a diameter of 160 mm. The
superconducting domain differs from the rest by introducing
a current density, j controlled by the electric field, E,
following a highly non-linear current-voltage (I-V)
characteristic. As its mathematical form we utilised a

hyperbolic tangent, which can be considered a smooth
approximation of the step-wise change familiar in the critical
state model [48]. Such a form also resulted from the
microscopic analysis in Campbell’s original paper [49]
suggesting the use of the magnetic vector potential (A)
formulation to describe the flux dynamics in hard
superconductors.  Its  suitability for modelling the
magnetization in objects combining superconductors and
magnetic materials in the Coulomb gauge is well
documented [42, 50], as long as there is a neutral zone in the
superconductor where the current density is zero and the
magnetic flux penetrates monotonically from the sample
surface when the applied field increases monotonically. Very
recently this formulation has been extended to solve 3D
problems [45].

In 3D the working equation for the current density flowing
in a superconductor must introduce the relation between
electric field and current respecting the vector character of
both these fields. Assuming the isotropy of the
superconductor properties, i.e. that the current density vector
of is always co-linear with the electric field vector, leads to
the expression:

= eanh () (Bro 4 By 4 B
j =jc.tanh (Eo) (IEI u, + T + ] uz) 1)
being (E,, E,, E,) = (—%,—%,—%) the local value of

the electric field, Eq the threshold electric field used to define
the critical current density (here assumed to be equal to
10* V/m) and j. the local critical current density
J%+Jj§ +JjZ ). Uy uy and u, are the unit vectors
along the x-, y- and z-directions, respectively. Equation (1)
slightly differs from the relation discussed in [45], which
provided an imperfect isotropy for weak electric fields.
According to [37] and [33], we assumed the following |
dependence on the magnetic field:

je(B) = Jeo €xp [_ (ﬂ)y] 2

Bo

where jeo, Bo and vy are fit parameters. Their values were
obtained from the experimental J. curves in turn calculated
from the magnetic flux density cycles measured by the Hall
probes [12, 33].

The magnetic properties of the FM material were defined
by the interpolation of the magnetic flux density versus the
applied field curve measured experimentally on a small piece
of the ARMCO iron and reported in the appendix. In the
investigated range of temperature, their temperature
dependence is negligible. Also, the electrical conductivity of
the iron, here set to 2-10* S/m, was proved to affect the
shielding factor of the hybrid shield in a negligible way.

The source term for the applied magnetic field, Happ, Was
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taken into account through the boundary conditions: at a
large distance from the shield(s), the magnetic flux density,
B, was assumed to be constant and equal to pHapp. All the
calculations were carried out assuming a quasi-static field

condition with a rising rate of dtoHappt) _ 0.35 T/s of the

applied field. The same results could have been achieved by
decreasing both the rising rate and Eq in equation (1) by the
same factor, but at the cost of longer computation time. On
the other hand, it is worth mentioning that E, = 10* V/mis a
conventional value usually chosen in the electrical transport
measurements and lower E, values was predicted in magnetic
measurements where the applied field is swept slowly [51].

4. Experimental verification of the modelling method

Figure 2 shows the values of the magnetic flux density
measured at fixed positions on the axis of the hollow
cylinder EC1 in both axial (AF) and transverse (TF) field
orientations at T = 30 K. The experimental data are compared

1.51 (a) axial-field orientation

1.2 4 symbols: experimental data
lines: computation results

£ 09- 7,9=
N _ Z;0 =
m 06 T=30K zzé-
H |T Zl¢
0.3 app |

(b) transverse-field orientation

1.2
E 0.9
=
m 061
0.3
0'O_l T T T T
0.0 0.3 0.6 09 12 15
FlOHappI (T)

Figure 2. Comparison between (a) B, values measured in the AF
orientation and (b) B, values measured in the TF orientation at T =
30 K by Hall probes located along the axis of the SC hollow
cylinder EC1 and the corresponding curves computed by numerical
simulations. In the shield scheme, the circles indicate the Hall probe
positions and the solid lines the corresponding computed curves.
Assuming (x,y,z) = (0,0,0) the coordinate of the shield center, in the
AF orientation the Hall probes were positioned at z; = 0 mm, z, =
4.4 mm, z3 = 8.8 mm (shield edge coordinate) and z, = 13.1 mm. In
the transverse-field orientation, the Hall probes were placed at the
same positions, except z’, = 12.0 mm.

with those calculated in the same positions with the
modelling procedure described in Sect. 3. In agreement with
[33], to describe the j.(B) dependence of the superconductor
at this temperature, the following parameters were employed
in (2): jeo = 3.01-10° A/m? By, = 0.83 T and = 2.52. For
both the applied field orientations, the computed shielding
performance well reproduced the experimental data.

Then, the comparison was carried out on the hybrid
SC/FM configuration EC2 where the superconducting
hollow cylinder and Hall probe locations are the same as in
EC1. As can be seen in figure 3, the superimposition of a
ferromagnetic shield does not compromise the remarkable
agreement between experiment and calculation.

Lastly, we calculated the magnetic flux density along the
axis of a superconducting cup (shielding configuration EC3).
In order to liken these computation outputs to the
experimental ones reported in [12], the parameters j.o =
5.02:108 A/m? B, = 0.98 T and y = 3.78 were introduced in
(2). These values were obtained by fitting the experimental

1.51 (a) axial-field orientation
1.2 symbols: experimental data
- lines: computation results z
= 094 ?
N 2,Q=
an] 064 T=30K 0=
zzQ—
0.3 HaPP'TM zl¢
0.0 e .
15
(b) transverse-field orientation
1.2
E 0.94
b
M 0.6
y
0.3
00 T T T T T
0.0 0.3 0.6 0.9 1.2 15
FlOHappI (T)

Figure 3. Comparison between (a) B, values measured in the AF
orientation and (b) B, values measured in the TF orientation at T =
30 K by Hall probes located along the axis of the hybrid SC/FM
tubular shield EC2 and the corresponding curves computed by
numerical simulations. In the shield scheme, the circles indicate the
Hall probe positions and the solid lines the corresponding computed
curves. Assuming (xy,z) = (0,0,0) the coordinate of the shield
centre, in the AF orientation the Hall probes were positioned at z; =
0 mm, z, = 4.4 mm, z;=8.8 mm (SC shield edge coordinate) and z,
= 13.1 mm. In the transverse-field orientation, the Hall probes were
placed at the same positions, except z’, = 12.0 mm.
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Je(MoHapp) curve measured in [12] at 30 K by equation (2),
where [B| was replaced by poHgp,. According to the
procedure discussed in [33], the fit was limited to the range
of applied fields greater than the full penetration field. Then,
the resulting fit parameters were assumed effective in
defining j.(B) in the whole investigated range of applied
fields.

The comparison between experimental and calculated
magnetic flux density is reported in figure 4 and it evidences
a valuable correspondence here as well. However, the
calculation cannot reproduce the flux jump occurrence [52,
53] at WoHgpp 1.0 T. This finding was expected
considering that our model predicts a homogeneous field
penetration. Based on the outcomes of [54, 55], a model
upgrading is ongoing, but this issue is beyond the aim of this
paper. In addition, there is some discrepancy in the TF
orientation when the applied field overcomes pyH,pp,; = 0.9
T, i.e. when the magnetic flux starts entering the cup also
through the closed extremity. This could be due to the fact
that the inner surface of the cup base is not exactly flat. At

1.51 (a) axial-field orientation

1.24 symbols: experimental data
lines: computation results
— 0.9

@' 6] T=30K

0.3 !

0.0+

154 (b) transverse-field orientation A

1.2 1
tZ 0.9 : .
0.6 1

0.3

0.0

0.0 03 0.6 0.9 12 15

FloHappI (T

Figure 4. Comparison between (a) B, values measured in the AF
orientation and (b) B, values measured in the TF orientation at T =
30 K by Hall probes located along the axis of the SC cup-shaped
shield EC3 and the corresponding curves computed by numerical
simulations. Circles indicate the Hall probe positions in the
experiments. Assuming (x,y,z) = (0,0,0) the coordinate of the closed
extremity, in the AF orientation the Hall probes were positioned at
z; =1.0 mm, z, = 5.0 mm, z3 =9.2 mm (shield’s centre), z, = 13.7
mm, and z5 = 18.3 mm (shield’s open extremity). In the transverse-
field orientation, the Hall probes were placed at the same positions.

the present stage, we find it counterproductive to introduce
this roughness into the numerical model because it will
significantly increase the model complexity. Moreover, we
expect minor model improvement from this manipulation.

5. Shielding performances of superconducting and
ferromagnetic coaxial cups

The comparison between the shielding factors measured
along the main axis of the arrangements EC1 and EC2
highlighted the effective role of the FM hollow cylinder
addition in widening the region where high shielding factors
are achieved (figure 5). In the TF orientation, this
enlargement is complemented by a better shielding in the
whole investigated field range, while for the AF orientation it
is at the cost of a minor worsening of the shielding
performance at low fields. Here, the shielding factor is
defined as the ratio of the applied magnetic field, poHapp, t0
the magnitude of the local magnetic flux density, B.

T T T T T

. . . .
EC1 EC2

100 4 AF orientation ° L

] » TF orientation .

—— o

0 oe

S \’\ Positi

o o osition z

1= o, 1

e} o %o

T 10 4 o J

= o T=30K

B "

00 03 06 09 12 15
P-OHapp[ (T)

Figure 5. Comparison between the shielding factors measured in

both axial- and transverse-field orientations at T = 30 K by the Hall

probes positioned in the shield centre for the superconducting shield
EC1 (open symbols) and hybrid shield EC2 (solid symbols).

On the other hand, we already proved, both by
computation [33] and experiment [12], how the addition of a
cap (disk) on one of the tube apertures strongly improve the
SFs in axial applied fields. Likewise, when the cap and the
tube are “fused’ together with no gap in between, a similar
improvement was predicted also in transverse applied fields
[29]. Notably, the dependence of the shielding properties on
the wall thickness of the SC shield is not addressed here,
because it was predicted not to be a crucial parameter in
short bulk shield with field-dependent J. [56, 33].

Based on these outcomes, we focused on cup-shaped
shields and investigated how the SF of a SC cup is modified
by superimposing a coaxial FM cup on it. The study was
carried out as a function of the height of the FM cup (figure
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Hybrid cup configuration 1 (HCC1)

SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc : 14.0 mm
SC external height, hsc: 22.5 mm

SCinternal depth, dsc: 18.3 mm

FM outer diameter, Do : 28.0 mm
FM inner diameter, Dirv : 23.0 mm
FM external height, hev : 25.0 mm
FM internal depth, dem: 22.5 mm

Hybrid cup configuration 2 (HCC2)

SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc : 14.0 mm
SC external height, hsc: 22.5 mm

SCinternal depth, dsc: 18.3 mm

FM outer diameter, Dosm : 28.0 mm
FM inner diameter, Dirsv : 23.0 mm
FM external height, hew : 21.5 mm
FM internal depth, des: 19.0 mm

Hybrid cup configuration 3 (HCC3)

SC outer diameter, Dosc : 20.3 mm
SC inner diameter, Disc : 14.0 mm
SC external height, hsc: 22.5 mm

SC internal depth, dsc: 18.3 mm

FM outer diameter, Dogn : 28.0 mm
FM inner diameter, Dism : 23.0 mm
FM external height, hea : 28.5 mm
FM internal depth, dem: 26.0 mm

Figure 6. Schematic view of the layouts whose shielding properties
were calculated. From top to bottom: SC/FM superimposed cups
with the open extremity at the same height (HCC1 - Ah represents
the height difference between the cups’ edges), SC/FM
superimposed cups with SC cup protruding above the FM one
(HCC2) and SC/FM superimposed cups with FM cup protruding
above the SC one (HCC3).

6), in both axial-field and transverse-field orientations,
assuming that the size and the physical properties of the SC
cup are the same as of cup EC3. The FM cup was considered
to be made out of Fe ARMCO with the same B-H
constitutive law as the FM tube characterized experimentally
(figure Al).

As can be seen in figure 7, the addition of the FM cup
induced a worsening in the shielding ability at low applied
fields. This can be explained by the fact that in such short
shields the entering of the magnetic flux from the cup
opening is predominant. Therefore, the presence of a greater
magnetic flux density at the shield opening, caused by the
FM component that attracts the magnetic flux lines, affects
the SF throughout the shield. However, this SF worsening

was partially mitigated when the open edges of the two cups
are at a different level.

Conversely, at higher magnetic fields, when the flux
penetration from the walls becomes significant, the addition
of the FM widens the range of applied fields where elevated
shielding factors can be achieved. Configuration HCC3 is the
most efficient providing SF higher than 10% in the whole
inner half of the SC cup up to poHapy = 1.1 T.

The shielding factors calculated in the transverse-field
orientation for the same shielding configurations are plotted
in figure 8 as a function of the applied field. In contrast to
what was observed in the axial-field orientation, the addition
of the FM hollow cylinder improved the shielding factor of
the structure in the whole investigated range of applied
fields. The range of external fields displaying the highest SFs
corresponds to that in which for no zones of the
ferromagnetic shell the magnetic flux density overcomes the
saturation values. In this range, the aspect ratio of the FM
cup strongly influences the shielding ability of the whole
structure.

Notably, at poHapm = 0.1 T, the SF predicted for HCC3 is
more than 8 times greater than that calculated for EC3 almost
in the whole volume inside the superconducting cup, as
evidenced by the SF maps in the yz and xz planes (namely, in
planes parallel and perpendicular to the applied field

—_ —

o (=]

o =
| sanl

—
(=]
T

10"

Shielding factor (uoH,,./B,)

—_
(=]
o

HUH app! (T)

Figure 7. Comparison between the shielding factors calculated in
the axial-field orientation for the cup configurations EC3 (open
symbols), HCC1 (solid line), HCC2 (dashed line), HCC3 (dashed-
dotted line). The values shown in the figure were computed along
the shield axis, at the same positions as in figure 4. In all
calculations, the working temperature of 30 K was assumed and the
parameters j.o, = 5.02-108 A/m? B, = 0.98 T and y = 3.78 was
introduced in equation (2) to consider the critical current
dependence on magnetic field.
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10% 4

10" { ==

Shielding factor (noH,,,/B,)

OI_G 0?8 .
HOHappl (T)

Figure 8. Comparison between the shielding factors calculated in
the transverse-field orientation for the cup configurations EC3
(open symbols), HCC1 (solid line), HCC2 (dashed line), HCC3
(dashed-dotted line). The values shown in the figure were computed
along the shield axis, at the same positions as in figure 4. In all
calculations, the working temperature of 30 K was assumed and the
parameters j.o = 5.02-108 A/m? B, = 0.98 T and y = 3.78 was
introduced in equation (2) to consider the critical current
dependence on magnetic field.

direction, respectively) shown in figure 9. This results in a
SF increase from 50 to 450 at position z; and leads to SFs

vz plane

yz plane

higher than 100 in about half of the internal volume of the
hybrid shield HCC3.

Significant enhancements, although not so high, were
obtained with the other two hybrid arrangements with
smaller aspect ratios of height/average diameter (SFycc:
SFucc1/SFecs > 3 and SFycco/SFecs ~ 2 at HOHappI =0.1Tand
z < z4). This difference accounts for the diverse magnetic flux
lines organization near the open edges of the hybrid shield
caused by the different height of the FM cups (figure 10).
The last parameter is then crucial in determining the
efficiency of the hybrid shield. Conversely, almost negligible
changes in the SF of these hybrid layouts were achieved if
the FM wall thickness is increased/decreased even by 20%
(not shown).

The improvement achieved by the addition of the FM
shell can be explained by considering the shielding properties
of a ferromagnetic sheet in a transverse field. Indeed,
contrary to superconductors [29], long tubular shields of
high-permeability materials are expected to mitigate
transverse magnetic fields more effectively than axial ones
[57], and significant SF improvements was predicted in a
transverse  field for an ideal rectangular-shaped
superconducting shield with an outer layer of z~metal [58].

Raising above poHgpn = 0.2 T, some zones of the FM
shield reach the magnetic saturation (namely, the outer layer
of the closure cap and the last part of the lateral wall in
correspondence of the open edge) and the advantage in
superimposing the FM shell starts reducing. At

Log {SF)

=
Q
0

xz plane

=
o
T

(] lIlIII[

=
o
it

—10°

xz plane

Figure 9. Comparison between the cross-sections in the yz (a),(c) and xz (b),(d) planes of shields EC3 (a), (b) and HCC3 (c),(d) showing the
shielding factor after the external field, applied along the y -direction, was ramped up to poHapn = 0.1 T. To better represent the full range
of the SF values a logarithmic colour scale was used.
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Log (SF)

Figure 10. Comparison between the shielding factor (colour) maps and the magnetic flux line distributions computed for shields HCC1 (a),
HCC2 (b) and HCC3 (c) after the external field, applied along the y -direction, was ramped up to poHap, = 0.1 T. Data are related to the
cross-sections in the yz plane. To better represent the full range of the SF values a logarithmic colour scale was used.

HoHappt = 0.6 T the SF curves of the three hybrid layouts
collapse, becoming independent from the height of the FM
cups. However, the persistence of not fully saturated zones in
the lateral wall of the FM cup still lowers the external field
actually applied to the SC cup and then shifts the SF of the
whole shield to greater values than for cup EC3.

6. Conclusions

In this paper, we investigated the shielding properties of
short superconducting and hybrid screens with cylindrical
symmetry exploiting a 3D modelling approach based on the
A-formulation of the magnetic field. The analysis was
carried out in both axial- and transverse-field orientations,
implementing the model in a commercial finite element code.

The feasibility of this model in evaluating the magnetic
mitigation of quasi-static magnetic fields was checked by
comparing the computed outcomes to experimental results
obtained for different MgB, and MgB,/soft-iron cylindrical
shields. The good agreement that came out of this analysis
evidenced that the model allows a reliable SF evaluation
when a uniform field penetration inside the superconductor is
expected.

The as-validated numerical procedure was then applied to
predict the screening ability of new hybrid shield layouts
consisting of SC and FM coaxial cups, with the same

physical  properties as the shields characterized
experimentally.
Calculations highlighted that, at low fields, the

superimposition of a FM cup on a SC one partially recovers
the performance loss of the SC cup in the TF orientation,
thus making these compact hybrid arrangements suited in
shielding from both axial and transverse external magnetic
fields. The SF worsening induced in the AF orientation can
indeed be minimized by the presence of a mismatch, Ah,
between the edges of the SC and FM cups, as evidenced by

the comparison of the three hybrid configurations differing in
this parameter.

In addition, the presence of the external FM shield reduces
the magnetic flux density at the superconductor
lateral/bottom external walls, enlarging the applied field
range where higher SF can be achieved. Finally, a very
important outcome of our investigation is the evident need of
a 3D approach in numerical modelling of the magnetic
mitigation properties of FM/SC hybrid layouts. Indeed,
limiting the analysis to a 2D axisymmetric study in AF
orientation would have provided incomplete information on
the benefit of the FM shield addition at low magnetic fields.
This is especially the case of shielding systems with a
height/diameter small ratio, where the SF cannot be obtained
as a trivial combination of the SF of their components.

Considering the calculation results at low and high applied
fields and in both AF and TF orientations, the layout HCC3
with the FM cup protruding over the SC one turns out to be
the most promising geometry. Assuming a working
temperature of 30 K, at applied fields up to 0.15 T it provides
SFs higher than 500 near the close extremity, independently
from the field orientation, while in the most favourable AF
orientation, a SF > 10 occurs up over 1 T. Starting from the
present results, design refinements are under study to further
optimize the shielding performance.
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Appendix

In all the calculations, the ferromagnetic shells were
supposed to be made out of iron ARMCO whose B-H
characteristic curve is plotted in figure A1l. Fe ARMCO was
proved to have negligible hysteresis losses: therefore, we did
not consider this parameter in modelling. Its relative
permeability at low fields overcomes the value p, = 7500,
while its saturation magnetic flux density is~ 2.3 T.

> 3 4 5 6 7
H (x 10° A/m)

Figure Al1. B-H characteristic curve of the iron ARMCO used for
modelling the FM shells.
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